INTRODUCTION
It is well known that plants respond differently to changes in environmental conditions and these responses are influenced by the presence of other plants. During succession from heather (Calluna vulgaris) moorland to birch (Betula pendula, B. pubescens) woodland, Vaccinium myrtillus, Deschampsia flexuosa and Agrostis capillaris are commonly found as successive dominants (Dimbleby 1952; Miles 1981; , as illustrated by Fig. 1 (Species nomenclature follows Clapham, Tutin & Moore (1987) ). The experiment described here was designed to examine the effects of changing light intensity and nutrient availability on the growth and competitive abilities of these three species, to supplement the findings of the field experiment reported in .
METHODS
Plant pots, 17 8cm square by 14cm deep, were filled with a 'poor' soil made up from two parts mature birch-wood soil (brown podsolic), one part Sphagnum-moss peat and one part sharp sand (see Table 1 ). This basic soil mixture was used as a base for the fertilizer and shading experiments (rather than soils taken from each age of birch described in ) both for logistical reasons and to avoid the problems of increased soil mineralization etc. associated with removal of soil from the field . Plants were collected from the field and split into individual rooted tillers of uniform size (Deschampsia flexuosa and Agrostis capillaris) or rooted shoots ( Vaccinium myrtillus). To mimic the field situation (see Fig. 1 ), the three species were combined by putting four plants in each pot in the following five mixtures; V. myrtillus alone and together with D. flexuosa; D. flexuosa alone and together with A. capillaris; A. capillaris alone. Five replicate pots of each species mixture were given the following six treatment combinations: 100% light, 35% light and 12 25% light, each with or without fertilizer. The 12 25% light intensity was used to simulate that beneath a young birch stand (see Fig. 1 ) and the 35% light intensity was used to simulate light levels beneath a more mature birch stand where the canopy has opened out. Reasons for the use of neutral shade material are outlined in . Likely additional effects of a reduced red:far-red ratio are considered during discussion of the results.
The shading and fertilizer treatments were the same as those applied in the field experiment described by to facilitate comparison of the results of the experiments. Fertilizer quantities were reduced proportionally to the size of the pots, i.e. ammonium sulphate (32mg N, as (NH4)2SO4), 'Nitram' (105mg N, as NH4NO3) , 'muriate of potash' (150mg K, as KCl), 'Nitro-chalk' (15mg Ca and 39mg N, as Ca(NO3)2-NH4NO3), phosphate rock (105 mg Ca, as 1. Generalized changes in species dominance beneath increasing ages of birch at Craggan, Glenlivet. Changes are interpreted from vegetation data collected from 432 5-cm x 5-cm squares within each aged stand (Hester 1988 ). *denotes stage of greatest increase in soil nutrients Miles & Young 1980) . CaO; 42mg P, as P205) and magnesium sulphate (30mg Mg, as MgSO4). All pots were randomized both beneath the frames and in the open on a gravel bed fenced against rabbits and deer at the Banchory Research Station of the Institute of Terrestrial Ecology. The experiment was run from April 1985 to April 1987. Extra plants of each species were kept in spare pots and used to replace any plants in the experimental pots that died during the first few months, although only a few Vaccinium myrtillus plants had to be replaced. The shade frames were put in place from May to November each year and the fertilizer was applied twice annually. Automatic watering kept the pots moist throughout the experiment. The pots were re-randomized periodically to minimize any different 'neighbour' or locational effects. Any developing flowering stems were immediately removed during the first year of the experiment with the aim of increasing initial shoot and root growth of the establishing plants.
In December 1985 non-destructive measurements were made on all the plants as follows: the percentage cover of each plant (placing a 17 8-cm x 17 8-cm quadrat, divided into 100 squares, on each pot); the height of Vaccinium myrtillus plants; the length of one randomly selected mature leaf, the total number of leaves and the number of basal-leaf 'sheaths' (referred to as 'pink bases' by Scurfield (1954) ) of Deschampsia flexuosa plants; the numbers of non-flowering basal and aerial tillers and the length of one randomly selected stolon of Agrostis capillaris plants.
In April 1987 all the above measurements were made (apart from the number of aerial tillers of Agrostis capillaris) and in addition the number of ramets of A. capillaris per pot and the numbers of flowering stems or flowers (Vaccinium myrtillus) were counted. All above-ground parts were then harvested, dried at 85 ?C for 48 h and weighed. No root measurements were made as it proved impossible to separate roots of different species within the-pots.
RESULTS

Vaccinium myrtillus
The V. myrtillus plants produced little new growth in their first year (Table 2) and consequently no significant treatment effects were detected from the 1985 measurements (Table 5) . After 2 years there were positive effects of fertilizer on percentage cover and plant height but not on dry weight, except at full light, despite the strong correlation between cover and dry weight (Pearson's product moment correlation coefficient; r2 = 0 909, P<0.001). In 100% light, the dry weights of the fertilized plants growing alone were significantly greater than those in the unfertilized pots (P < 0.01). Combination with Deschampsia flexuosa had a consistent negative effect on all growth measurements. Shade had no effect on the height of the plants but caused significant decreases in dry weight. The percentage cover also declined with shading in the fertilized pots but was greatest in 35% light in the absence of fertilizer. Only small and variable numbers of flowers were produced, so these measurements have not been included in the analysis.
Deschampsia flexuosa
Even after 1 year all three treatments had caused significant main and interactive effects on the percentage cover and the number of leaf sheaths plant-' of D. flexuosa (Tables 3 and 5 ). Fertilizer had a positive effect except in 12-25% light. Shading had a consistent negative effect on the number of leaf sheaths but only in 12-25% light was the percentage cover reduced, except in the unfertilized pots with D. flexuosa alone or in combination with Agrostis capillaris where shade had no effect. Growth of D. flexuosa was best when growing with Vaccinium myrtillus and poorest when with A. capillaris, except at the lower light level where there was no combination effect. Leaf lengths increased in lower light levels. This etiolation may have altered the relationship between percentage cover and numbers of leaf sheaths in the different light levels.
After 2 years' growth, all measurements of Deschampsia flexuosa showed significant differences between the treatments, with the exception of leaf length, which was not affected by combination with other species. In all other measurements growth was consistently best in combination with Vaccinium myrtillus and poorest in combination with Agrostis capillaris. Dry weight was consistently greater in the fertilized pots, although this difference was smaller in the lower light levels. Similarly, the combination effect was less marked in lower light. Decreasing light levels had a negative effect on dry weights in the fertilized pots, less so in the unfertilized pots where they had no effect on D. flexuosa when in combination with A. capillaris. The percentage cover of the plants was similarly smaller in lower light in the fertilized pots, but the opposite was the case in the unfertilized pots. The number of leaf sheaths showed a strong correlation with plant dry weight (r2 = 0o95, P < 0-001) and the number of flowering stems was related to the number of leaf sheaths (r2 = 0-835, P < 0-001).
Analysis of variance of the number of flowering stems per leaf sheath showed, however, that all three treatments still had a significant effect: shading (P < 0.01) and combination with A. capillaris (P < 0-001) decreased the ratio of flowering stems to leaf sheaths, whilst fertilizer increased the proportion of flowering stems (P < 0.001). Leaf length after 2 years had increased with decreasing light in the unfertilized pots. In the fertilized pots, leaves were longest in 35% light and shortest in 12-25% light. Fertilizer had also increased the leaf length but less so in lower light.
Agrostis capillaris
As with Deschampsia flexuosa, treatment effects on Agrostis capillaris were already detectable after 1 year (Table 4) . The percentage cover and number of tillers plant-1 were generally larger in combination with D. flexuosa. The effect of decreasing light was negative on the number of tillers and positive on stolon length. The percentage cover was greatest in 35% light. The effect of fertilizer was generally positive, but less so in deeper shade for all measurements. The largest numbers of aerial tillers were produced in the fertilized pots at lower light levels. In the unfertilized pots, the low light level also had a positive effect on the number of aerial tillers produced.
After 2 years, all measurements of Agrostis capillaris showed significant effects of all treatments (Table 5 ). Plants grown in combination with Deschampsia flexuosa did consistently better than in the single-species pots (apart from stolon length which was greatest in the single-species pots). Dry weight was greater in fertilized pots, particularly in higher light levels, and decreased with decreasing light levels in the fertilized pots but not in the unfertilized pots. The number of tillers produced was highly correlated with the dry weight (r2 = 0-966, P < 0.001). Unlike D. flexuosa, the number of flowering stems was not closely related to the number of tillers produced (r2 = 0-437). Analysis of variance of the number of flowering stems tiller-' showed significant negative effects of shading, fertilizer and combination with D. flexuosa on this ratio (P < 0-001). All treatments caused interactive effects on the percentage cover of the plants. Cover was smallest in unfertilized pots in full light and greatest in fertilized pots in full light. Cover generally decreased with decreasing light in the fertilized pots but not in the unfertilized pots (cf. D. flexuosa). Stolon length increased with decreasing light and in fertilized pots. The number of ramets was generally larger in higher light levels except in the unfertilized singlespecies pots. Fertilizer also generally increased the number of ramets. Neither Vaccinium myrtillus nor D. flexuosa showed this ready vegetative formation of new plants within the two years.
DISCUSSION
Reduced light levels under birch developing on Calluna moorland lead to rapid decline of the previously dominant Calluna (Hester 1987) which is then replaced by more shade-tolerant species such as Vaccinium myrtillus and Deschampsia flexuosa. The growth of these species is also reduced in low light intensities, but to a much lesser extent. The consistent competitive superiority of Deschampsia flexuosa over Vaccinium myrtillus in this experiment suggests that V. myrtillus only attains dominance before D. flexuosa in the field (as shown in Fig. 1) where it was already well established in the moorland vegetation. Thus, it may become and remain dominant until outcompeted by the increasing abundance of D. flexuosa. At another site described in (Table 2) , Deschampsia flexuosa (Table 3) and Agrostis capillaris (Table 4) . Transformations: ln = logarithmic; sq = square root; as = arcsin; 2w = two-way analyses of variance within unfertilized and fertilized pots (plus paired t-test of + fertilized) due to inequalities of variance. F = fertilizer; S = shading; C = species combination.
Main effects
Interactions V. myrtillus showed decreased growth in the fertilized plots where D. flexuosa increased in cover . Deschampsia flexuosa will have a further advantage over Vaccinium myrtillus as nutrients increase under young birch. Foggo (1986) also showed marked increases in growth of D. flexuosa after nutrient additions, particularly in higher light intensities, as was the case with both D. flexuosa and Agrostis capillaris in this experiment (cf. Blackman & Rutter 1948; Pigott & Taylor 1964; Pigott 1971) .
The detrimental effect of Agrostis capillaris on the growth of Deschampsia flexuosa under all conditions suggests that the decline of D. flexuosa beneath 45-year-old birch (Fig. 1) is due to increased competition by A. capillaris (cf. Mahmoud & Grime 1976) . However, it is also not known to what degree the reduced red:far-red ratio of the birch canopy shade might affect the growth of these two species. It is possible, for example, that A. capillaris shoots may show greater extension growth under canopy shade than those of D. flexuosa and the plant may therefore be more vulnerable to other conditions adverse to growth (Grime & Jeffrey 1965; Fitter & Ashmore 1974; Mahmoud & Grime 1976; Al-Mufti et al. 1977; Mitchell 1984) . This being the case, A. capillaris may compete less successfully against D. flexuosa under canopy shade than suggested by the results of this experiment.
The effects of the different treatments on the flowering of Deschampsia flexuosa suggest that the proportion of flowering stems (in relation to plant size) produced by D. flexuosa would be detrimentally affected by canopy shade (Sakura, Gimingham & Miller 1985; Foggo & Warrington 1989) and by competition with Agrostis capillaris, but would benefit from increased soil nutrients beneath developing birch. It appears that A. capillaris would also produce fewer flowering stems in the reduced light, but (unlike D. flexuosa) would produce more shoots at the expense of flowers in more fertile conditions. This would give D. flexuosa an advantage over A. capillaris in terms of colonization of gaps from seed (beneath all the birch stands there were more seeds of D. flexuosa than of A. capillaris in the seed rain (Hester 1988) . However, A. capillaris readily spreads vegetatively (Mahmoud & Grime 1976; Hill 1979) and both stolon length and numbers of aerial tillers produced in the pot experiment increased in reduced light intensities, whereas none of the D. flexuosa plants produced more ramets within the two years of the experiment (cf. Rawes 1981) . Vegetative regrowth of plants into gaps is also generally much more vigorous than seedling growth (Fowler 1981; Grime 1981; Welch 1985) , although seedlings of some species do survive better in established vegetation than others (Peart & Foin 1985; Snaydon & Howe 1986) . Deregibus et al. (1985) , however, found that a reduction in the red:far-red ratio would have a depressive effect on the numbers of tillers produced by several grass species (the axillary buds were assumed to respond to light quality). Thus, the tillering of A. capillaris under the birch canopy shade might also be reduced, as compared with the experiment results.
Timing of establishment, as with Vaccinium myrtillus, may have an important influence on the roles which Deschampsia flexuosa and Agrostis capillaris play in this succession. Unlike A. capillaris, D. flexuosa is often already present in moorland vegetation and both germination and early growth of seedlings of D. flexuosa were shown to be more successful than A. capillaris in the early stages of this succession (Hester 1988) . Therefore, A. capillaris will generally be colonizing into fully established swards of D. flexuosa beneath the birch. This will alter the initial competitive balance between these two species in favour of D. flexuosa.
The results of this work illustrate the importance of factors such as plant community composition prior to colonization by birch and subsequent speed of establishment of other species in controlling successional change. Shading and soil nutrient changes alone had no effect on the competitive hierarchy of the three species examined when present in equal proportions. In the field, the timing of establishment of a species (governed by environmental and 'chance' factors, see Hester 1988) clearly influence its subsequent role in the succession from heather moorland to birch woodland.
